Abstract The eukaryotic genome is packaged in the three-dimensional nuclear space by forming loops, domains, and compartments in a hierarchical manner. However, when duplicated genomes prepare for segregation, mitotic cells eliminate topologically associating domains and abandon the compartmentalized structure. Alongside chromatin architecture reorganization during the transition from interphase to mitosis, cells halt most DNAtemplated processes such as transcription and repair. The intrinsically condensed chromatin serves as a sophisticated signaling module subjected to selective relaxation for programmed genomic activities. To understand the elaborate genome-epigenome interplay during cell cycle progression, the steady three-dimensional genome requires a time scale to form a dynamic four-dimensional and a more comprehensive portrait. In this review, we will dissect the functions of critical chromatin architectural components in constructing and maintaining an orderly packaged chromatin environment. We will also highlight the importance of the spatially and temporally conscious orchestration of chromatin remodeling to ensure high-fidelity genetic transmission.
Introduction
DNA constitutes the basis of our existence. Fittingly, it is meticulously packaged into chromatin, via an association of DNA with histones and other architectural proteins. Chromatin serves as a platform for genetic transmission and epigenetic regulation. Proper organization of chromatin is critical to efficient execution of all DNAtemplated processes including DNA replication, transcription, recombination, and repair [1, 2] . The chromatin structure is constantly undergoing a cycle of condensation and decondensation to accommodate diverse cellular purposes. In recent years, innovations of chromosome conformation capture (3C) technology and high-resolution microscopy has effectively illuminated genome organization, resulting in an unprecedented expansion of the details of chromatin topology and gene regulation [3] [4] [5] . These findings significantly strengthen our understanding of three-dimensional (3D) chromatin organization within the nucleus as well as its effects on gene activity.
Chromatin loops, topologically associating domains, and higher-order compartments emerge as a well-accepted organizing principle of the genome [6] . However, this hierarchical principle of spatial organization may not apply to highly condensed mitotic chromosomes [7] . The structure of mitotic chromosomes has been fascinating yet baffling to cell biologists until recently-several models have been proposed based on studies using 3C methods, chromosome painting/banding, and imaging-assisted highthroughput approaches [7] [8] [9] . In contrast to interphase chromatin that comprises a hierarchy of higher-order structures such as domains and compartments, mitotic chromosomes exhibit a much simpler organization pattern containing only chromatin loops, the primary folding units. More significantly, this homologous loop-compression organization is a general principle applicable to any gene locus, common to all chromosomes, and consistent among cell types [7] . Consistent with simplified chromatin organization, mitotic cells shut down most transcription [10] and inactivate DNA repair [11] to prepare for the challenging task of segregating genetic information.
While it resides in a 3D nuclear space, the genome is also surrounded by a dynamic chromatin environment, which constantly undergoes condensation and decondensation. A fourth dimension of time is therefore required to describe and understand genome behavior, notably the duplication-segregation cycle that maintains its identity and integrity. Four-dimensional (4D) orchestration of chromatin remodeling events ensures spatially and temporally coordinated transitions between chromatin compaction and decompaction. This review is aimed at summarizing evidence that faithful transmission of the genome demands a dynamic coordination of the 4D chromatin environment. We will integrate current knowledge of eukaryotic genome-epigenome interaction in both interphase and mitosis into an overview of chromatin architecture and function. Stemming from these principles, we will examine the relationship between genomic instability and cancer, which may potentially evolve form the deregulation of chromatin condensation.
Architectural and functional components of chromatin
Chromosome biology has been revitalized since the advent of chromosome conformation capture (3C) technology, a DNA capture method designed to detect the frequency of interaction between genomic loci in their native 3D state [12] . Studies using this technology revealed a highly conserved functional unit of the genome called topologically associating domain (TAD) [13, 14] . In interphase cells, TADs can be further segregated into active or inactive compartments [15, 16] . These multiple levels of hierarchical genome organization are associated with distinct chromatin signatures and are controlled by a host of factors, including histones, non-histone architectural proteins, chromatin scaffold proteins, as well as chromatin remodelers. Via these diverse components, chromatin is governed by a plethora of pathways that interact to accommodate fundamental machineries, which process genetic information via DNA replication/segregation, transcription, recombination, and repair.
Histones and the histone code
Histones are a critical and the most abundant protein component of chromatin. Together with DNA, histones form a repeating structural unit of chromatin called the nucleosome, which merely comprises the first level of chromatin packaging [17] . Histones are basic globular proteins whose globular domains form the nucleosomal core whereas unstructured tails jut out of the nucleosome [18] . Based on X-ray crystallography data, the nucleosome core consists of the 8-histone octamer in which a H3-H4 tetramers complexes with two H2A-H2B dimers [19, 20] . Linker histone, H1, completes the chromatosome by guarding the nucleosome opening and linker DNA. In addition to serving the structural center of chromatin, histones are extensively modified-these modifications alter histone interaction with associated proteins and ultimately regulate the dynamics and accessibility of chromatin [17] . As specific histone post-translational modification patterns or combinations correlate with distinct chromatin states, the concept of a ''histone code'' evolves to suggest that histone modifications resemble a molecular bar code that directs protein recruitment and chromatin structural alteration [18, 21] . As such, the covalent modifications are added or removed by enzymes (''writers'' and ''erasers''), and can be recognized by chromatin-binding proteins (''readers''). While the histone tails serve as a major repository of posttranslational modifications that either disrupt chromatin contacts or recruit non-histone proteins to chromatin [22] , the globular domains can also be modified to affect the intranucleosomal histone-DNA interaction [23] .
A host of post-translational modifications exist, among which methylation and acetylation are particularly common in the formation of chromatin domains [24] [25] [26] . Histone can be methylated at different levels, predominantly on two basic residues, lysine (K) [27] and arginine (R) [28] . Histone methylation is reversible and can be linked to both gene activation and repression, depending on the target site. Most commonly, trimethylation of H3K4, H3K36, or H3K79 characterizes open euchromatin, whereas trimethylation of H3K9, H3K27, or H4K20 marks condensed heterochromatin [17, 24, 29] . Acetylation of histones affects many different biophysical properties of nucleosomes. Lysine acetylation of the core histone tails inhibits self-association, likely encoding an open chromatin conformation [30] . Acetylation also neutralizes the positive charge of histones and reduces the interaction between acetylated histones and DNA, exerting a strong impact on chromatin unfolding [31, 32] . Histone acetyltransferases (HATs) and their functional antagonists, histone deacetylases (HDACs), execute reversible histone acetylation and deacetylation. A diverse and complex range of HATs and HDACs constitute an important epigenetic regulatory mechanism that underlies chromatin remodeling. For example, acetylation on lysines is written by HATs (''writers'') and removed by HDACs (''erasers''), whereas non-histone proteins such as bromodomain-containing proteins can recognize these modifications and act as ''readers'' [33] . Lysine 16 on the N-terminal tail of histone H4 (H4K16) is one of several commonly examined sites in regards to chromatin condensation. Chemical ligation analysis demonstrated that acetylated H4K16 inhibits crosslinking mechanisms for nucleosome formation and chromatin compaction, leading to chromatin decondensation and transcription activation [17, 34, 35] .
Histone variants represent an additional layer of complexity to the histone code. They are isoforms of the canonical histones that create specialized nucleosomes. Unlike traditional histones, these minor members of the histone gene family are expressed at lower levels independent of chromosome replication [36, 37] . In addition, histone variants differ temporally in their entrance into the nucleosome during the cell cycle [38, 39] 
Chromosome scaffold proteins
Earlier elegant experiments demonstrated that higher-order chromosome structures persist even after histone depletion [54, 55] , suggesting that non-histone proteins constitute a chromosome scaffolding structure. The chromosome scaffold was found to consist mainly of two major proteins with high molecular weights, the 170 [75] . During interphase, condensin I is localized in the cytoplasm, whereas condensin II is found in the nucleus-this localization is conserved among many eukaryotic species [76, 77] . Condensin I governs lateral and looping chromatin compaction while condensin II controls axial chromatin compaction [78] . The eukaryotic pentameric condensin complex is composed of a heterodimer of SMC proteins (SMC2 and SMC4), a kleisin protein and two HEAT-repeat proteins (Fig. 1a, b ). SMC2 and SMC4 form long anti-parallel coiled coils flanked by an ATPase head domain and a hinge domain that links two SMC subunits. The head domains interact with the kleisin subunit to form a closed ring [79] . This ring may entrap two strands of DNA from the same chromosome, resulting in chromosome condensation. Cohesin complexes have similar shape and subunit composition as condensins, while its ring structure locks the sister DNAs at the nascent replication fork (Fig. 1c) . Cohesin complexes are removed at the anaphase onset, triggering chromosome segregation [80] .
Topoisomerase II is a type II topoisomerase that catalyzes the ATP-dependent DNA topological transition to promote chromosome disentanglement [81] [82] [83] [84] [85] [86] [87] [88] [89] . Strand synthesis during DNA replication produces intertwined daughter duplexes (termed precatenanes). These duplexes may progress to mitosis as tangled DNAs that result in defects in chromosome segregation. Topoisomerase II plays a key role in decatenating these topological linkages and controls the DNA decatenation checkpoint [89] [90] [91] [92] . Topoisomerase II uses the energy released by ATP hydrolysis to introduce a double-strand break into one DNA helix to pass a second helix through the break site and to reseal the initial break (Fig. 1d, e ). There are two vertebrate isoforms of topoisomerase II (a and b). While topoisomerase IIa is essential for chromosome condensation, replication, and segregation, type IIb topoisomerase tends to function in DNA repair, transcription, and development [93] . In addition to its decatenating activity, topoisomerase II also plays an essential role in chromatin compaction by cooperating with the SMC proteins. SMCs and topoisomerase II co-localize as part of the protein network that stabilizes long-range contacts between chromosomal segments [94] .
Chromatin non-histone architectural proteins
Besides histones and chromatin scaffold proteins, other non-histone architectural proteins also assist in regulating global chromatin organization, differential nucleosome packaging, and local chromatin architecture for the fidelity of chromosome duplication and segregation. Important non-histone chromatin architectural proteins include heterochromatin protein 1 (HP1) and the zinc finger factor, CCCTC-binding factor (CTCF).
HP1 proteins are central players in heterochromatin structure and function. The first HP1 gene was identified in Drosophila melanogaster [95] and Swi6 is the ortholog in Schizosaccharomyces pombe. There are three HP1 paralogs in mammals (HP1a, HP1b and HP1c) that are characterized by two distinct functional domains. The hydrophobic chromodomain (CD) recognizes di-and tri-methylated H3K9 whereas the chromoshadow domain (CSD) forms a dimerization interface for ligand recruitment. Histone methyltransferase SUV39H1 trimethylates the lysine residue 9 of histone H3; this recruits HP1 and establishes constitutive heterochromatin at pericentromeric and telomeric sites [96, 97] . Interestingly, the CD and CSD can coordinate to induce an oligomerization process, leading to heterochromatin spreading [98] [99] [100] . In S. pombe, Swi6 acts as a transcriptional repressor and its repressive function is vital for sister chromatid cohesion, telomere maintenance and DNA repair [101] . Independently of H3K9 interaction, HP1 can actively participate in repair of DNA double strand breaks (DSBs) [102] .
CCCTC-binding factor (CTCF) was initially characterized as a transcription factor [103, 104] and has been gradually recognized as an organizer of higher-order Fig. 1 Architecture of chromosome scaffold proteins. a-c SMC complexes including condensin I, II, and cohesion. The core of each SMC complex is formed by two SMC proteins; each SMC protein contains an ATPase head domain, a hinge domain and a coiled coil that links the two. In addition to SMC proteins, each condensin complex contains a kleisin protein (H stands for GAP-H in condensin I whereas H2 stands for CAP-H2 in condensin II) and two HEATrepeat proteins (CAP-D2 and CAP-G in condensin I whereas CAP-D3 and CAP-G2 in condensin II). Cohesin is composed of SMC1 and SMC3 heterodimer, as well as a kleisin subunit (Rad21 or Scc1) that binds to HEAT-repeat subunits called SA1/SA2 or Scc3. d, e Type II topoisomerases use ATPase activity to cleave both strands of a duplex DNA (blue) and pass another duplex DNA (red) through the transient break chromatin structure that facilitates the establishment of genome topology [105] . CTCF is conserved in most bilaterian phyla but is absent in yeast, Caenorhabditis elegans and plants [106] . ChIP (chromatin immunoprecipitation) and Hi-C (genome-wide 3C) analysis suggested that this zinc-finger protein functions as an insulator throughout the genome, partitioning it into various TADs and subTADs [107, 108] . Among CTCF-associated proteins, cohesin is essential for the formation or stabilization of long-range chromatin loops from CTCF binding sites [109] . Both CTCF and cohesin are enriched at the borders of TADs, playing a critical role in domain demarcation. There are two models that describe anchoring of the cohesin ring structure at chromatin loops. A single cohesin ring can wrap around two DNA fibers to tether sister chromatids (''embrace'' model), or alternatively, two cohesin rings interact and each ring encircles one DNA fiber (''handcuff'' model, Fig. 2 ). Despite the concurrent occupancy on chromatin, cohesin and CTCF may play different roles in genome organization and gene regulation. Cohesin mainly anchor chromatin loops within chromatin domains, whereas CTCF maintains the domain boundaries [110] .
In addition to the above-listed chromatin components, chromatin remodelers are an important group of ATPhydrolysis-dependent enzyme complexes that shape the genome by altering nucleosome positioning relative to the DNA sequence, as detailed in many comprehensive reviews [111] [112] [113] [114] .
Genome stability and epigenome dynamics from linear looping to 4D remodeling
The means by which integrity of eukaryotic genomes is maintained in the context of continuous chromatin reorganization remains mysterious. From 3C to circularized chromosome conformation Capture (4C), carbon-copy chromosome conformation capture (5C) and genome-wide chromosome conformation capture (Hi-C) methods, recent research has illuminated genome organization in three dimensions in the interphase nucleus [115] . The revelation of long-distance chromatin looping and TADs offers sophisticated interpretation of cellular function and prediction of cell fate. On top of this hierarchical 3D genome organization, appending a fourth dimension of time is inevitable due to the dynamic nature of chromatin. It is of interest to note that chromatin organization changes dramatically when duplicated genomes prepare for cell division [7, 116] . How do cells maintain genomic integrity and cope with the challenge of chromatin restructuring during the transition between interphase and mitosis? Here we focus on three fundamental genome maintenance processes-interphase-restricted DNA replication, DNA repair and mitosis-specific chromosome segregation-to highlight the importance of spatial and temporal coordination of chromatin components.
Interphase chromatin architecture for efficient genome duplication and repair
Perpetuation of life requires both faithful genome duplication and efficient DNA repair, both operating in a hierarchically organized and interphase-restricted chromatin environment. DNA replication requires transient chromatin disruption ahead of the DNA polymerase complex; thus, this process is generally associated with open and accessible chromatin. Replication is initiated at transcriptionally permissive TADs, and is completed in transcriptionally repressive TADs [117, 118] . Chromatin remodeling complexes facilitate the sliding or removal of nucleosomes from replication forks. Nucleosomes upstream of replication forks are first disrupted and histones are then displaced by histone chaperones; following this process, new histones are deposited on the new strands via de novo assembly [119] . The origin of DNA replication must be selected and activated within the local chromatin environment. Origin recognition complexes (ORCs) congregate at nucleosomedepleted regions and are associated with cohesin loading [120] . ORCs bind to DNA, creating pre-replication complexes (PreRCs); these PreRCs load MCM helicasecomplexes on to DNA, licensing DNA for replication [121] . The PreRC is then inhibited until the following G1 phase [121] . Specific and reproducible genome locations have been identified as eukaryotic replication origins and ORC binding sits [122] , suggesting that eukaryotes determine ORC binding based on the local chromatin environment. Activating histone modifications such as histone acetylation are associated with DNA replication in early S phase, whereas a local perturbation of histone acetylation shifts the time of replication and impairs the recruitment of replication proteins [123] . These data indicate that local changes in histone modification are capable of fine-tuning DNA replication activity.
Intrinsic chromatin condensation is subjected to selective unwinding, allowing accessibility not only to replication factors, but also to the DNA repair machinery during damage. Essentially, repair mechanisms loosen the nucleosome for accessibility of histones and repair factors [124, 125] . DSBs are the most severe type of DNA damage, as insufficient correction can lead to chromosomal loss [126] . Studies have observed the absence of nucleosomes at DSBs [127] . Nucleosome packaging and condensed chromatin architecture surrounding DSBs can spatially hinder loading of repair proteins [119] . Khurana et al. demonstrated that DSB repair involves a ''biphasic'' chromatin organization. Chromatin is first relaxed via PARP remodelers at DSBs; afterwards, it is compacted again via the recruitment of a histone H2 variant and an H3K9 methyltransferase, both repressive in nature and facilitative of condensation-dependent BRCA1 recruitment at DSBs for homologous recombination [128] . In support of this notion, fast and transient HP1a recruitment to DNA damage sites is essential for homology-directed repair by facilitating the loading of important repair proteins such as 53BP1 and Rad51 [129] .
Emerging evidence suggests a critical role of non-proteolytic ubiquitination of adjacent chromatin areas to generate binding sites for DNA repair factors. This requires the sequential action of two E3 ubiquitin ligases RNF8 and RNF168, as well as an E3 ubiquitin-conjugating enzyme UBC13 which specifically generates K63-linked ubiquitin chains [130] [131] [132] [133] [134] [135] [136] . Interestingly, a recent study demonstrates that H1-type linker histones, but not core histones, represent major chromatin-associated targets of RNF8-mediated ubiquitination at DSB sites [137] . These findings reveal ubiquitination of linker histones as novel histone marks for recognition by factors involved in DNA repair. In summary, chromatin remodeling via the histone code is critical in mediating DNA damage repair.
Mitotic loop compression and faithful chromosome segregation
The most fascinating and challenging outcome of the cell cycle is the equal delivery of intact genetic material to the daughter cells, which is accompanied by chromosome condensation and segregation. Unlike interphase chromatin, mitotic chromatin has considerably fewer modified sites, less accessibility, and an overall more compact structure [138] . As chromatin is condensed, chromatinbinding proteins and transcription factors are discharged [117] . Mitotic chromatin condensation is marked by H4K20me and limitation of H4 acetylation, which recruit condensin II to mediate early compaction. Subsequently, phosphorylation of histone H3 by aurora B kinase serves to recruit the condensin I complex, bind repressive proteins, while expelling other chromatin-bound factors [117, 139] . Consequently, DNA is packaged for high-fidelity inheritance by daughter strands and low topological hindrance during chromosome segregation [117, 140] .
Although mitotic chromosomes have the most distinct morphology in a cell, it was not until recently that the structure of mitotic chromosomes and underlying packaging mechanisms were illuminated. 5C and Hi-C technologies first distinguished the homologous folding state of mitotic chromosomes from the highly compartmentalized and cell type-specific interphase chromatin organization [7] . The authors found that mitotic chromosomes lose TADs and chromatin compartments, the basic organization characteristics of interphase chromatin. Polymer simulation suggested that mitotic chromosomes are organized into arrays of consecutive 80-to 120-kb loops that may form in early prophase. These findings led to a two-step compaction model of mitotic chromosomeschromatin is first compacted into an array of consecutive loops, and then followed by a series of compression, giving rise to the rod-shaped mitotic chromosome (Fig. 2) . Further investigation is required to characterize molecular and epigenetic activities that drive the domain disassembly and loop compaction process during the transition from interphase to mitosis.
Several other models of mitotic chromosomes have also evolved. A thin-plate model based on banded karyotype and cytogenetic data suggests that mitotic chromatin forms many stacked layers of planar perpendicular to the chromosome axis [8] . Using electron microscopy-assisted nucleosome interaction capture (EMANIC) cross-linking experiments, a more recent study proposed a modified model in which zigzag nucleosome chains are packaged into hierarchical loops [9] . This model highlighted the role of linker histone unloading in promoting lateral association between the nucleosome-chain loops that results in hierarchical folding of proximal loops at various angular orientations.
Although mitosis only comprises about 5 % of the time within a cell cycle, there are distinct mitosis sub-phases (prophase, prometaphase, metaphase, anaphase, and telophase) with distinct morphologies. A recent imaging study uncovered a discontinuous process of chromosome compaction and expansion during the mitotic progression from prophase to metaphase [141] . Chromosome architectural proteins including cohesins, condensins, and topoisomerase II, play critical roles in driving the morphological changes during chromosome compaction and expansion. These findings extend the steady-state 3D models of mitotic chromosome compaction to provide a 4D dynamic picture in which the transition among distinct mitotic sub-phases is driven by chromatin architectural alterations.
Chromatin condensation during the interphasemetaphase transition
Although we have gained essential insights into the broad principle of eukaryotic genome organization, i.e., the hierarchical loop-domain-compartment organization in interphase cells, our knowledge about the dynamics of in vivo chromatin folding/unfolding is still limited. In particular, what drives the transition between TAD-mediated interphase chromatin structuring and TAD-null mitotic chromosome compaction remains enigmatic. Here we summarize evidence for general mechanisms of chromatin condensation mediated by either the histone code or chromosome scaffold proteins SMC condesins and topoisomerase II. It is likely that both mechanisms jointly mediate chromatin condensation during the interphasemetaphase transition.
A recent study successfully reconstituted mitotic chromosomes in vitro using six purified factors, core histones, three histone chaperones, topoisomerase II, and condensin I [142] . This finding emphasizes the potent role of condensins and topoisomerase II in the formation of the mitotic chromosome architecture. As described in the earlier section, condensins are the major non-histone component of the chromosome scaffold that possesses a broad spectrum of function in regulating chromatin structure and dynamics [143] . Condensins facilitate the initial mitotic chromatin condensation event that forms 80-to 120-kb linear chromatin loops [7, 144] . Moreover, condensin can recognize and bind monomethylated H4K20, inducing compaction, while dimethylated H4K20 disrupts condensin association to DNA, and consequently leads to decondensation [145] .
In addition to condensins, the histone code plays a critical role in driving chromatin condensation. Above all histone modifications, the phosphorylation status of histone H3 serine 10 (H3S10) and the acetylation status of histone H4 appear to be the most directive in chromatin compaction [146, 147] . In yeast, phosphorylation of histone H3 recruits the lysine deacetylase Hst2p to deacetylate H4K16 during early mitosis, resulting in chromatin condensation [146] . Aside from H3S10 phosphorylation, the methylation and acetylation of nearby residues, lysines 9 and 14 can affect heterochromatin formation [148] . In interphase cells, acetylation of histone H4K16 prevents its interaction with the acidic patch of neighboring nucleosome [34] . In addition to H3 and H4 modifications, the H2A acid patch is also crucial for chromatin condensation [149] . A crosstalk may exist between the condensin pathway and the histone pathway in regulating chromatin condensation. For example, in embryonic stem cells, phosphorylated H3S10 marks condensin-dependent chromatin domains [150] . Phosphorylation of H3S10 may also enhance the flexibility of the chromatin fiber, allowing the recruitment of non-histone proteins including condensin or topoisomerase II [151] . While it seems that the histone code and condensin-mediated complexes play paralleled and coordinative roles in chromatin condensation to facilitate the transition from interphase to metaphase, further studies are necessary to elucidate the stepwise temporal progression of mitotic chromosome compaction.
Chromatin deregulation, genomic instability, and cancer
Given the complex regulatory network of chromatin dynamics and the importance of chromatin organization in genome maintenance, even subtle epigenome alterations may cause aberrant genome behaviors. Recent research has uncovered new chromatin players and novel mechanisms of chromatin regulation, which helps understand the genome-epigenome interplay. For example, the tumor suppressor PTEN has been found to promote chromatin condensation by interacting with histones and other chromatin architecture proteins [152, 153] . PTEN is among the most frequently mutated genes in human cancer. The noncanonical function of PTEN in regulating chromatin structure can serve to interrogate how normally packaged chromatin protects the genome and how aberrant chromatin architecture may cause cancer.
PTEN as an emerging regulator of chromatin condensation
PTEN is a tumor suppressor and its best-known function is the antagonism of the PI3K/AKT signaling pathway as a lipid phosphatase [154] . However, this is not the sole mechanism for PTEN function in tumor suppression. Accumulating evidence indicates that the lack of PTEN leads to structural and numerical chromosome aberrations [155] [156] [157] [158] , suggesting that PTEN is essential for faithful genomic transmission. In particular, nuclear PTEN facilitates DNA repair by acting on chromatin to modulate gene transcription [156] . A plethora of microarray data also revealed that PTEN depletion or overexpression causes global gene transcription profile alterations [159] [160] [161] [162] [163] [164] . The mechanism for these earlier observations has been uncovered only recently, which points to the direct involvement of PTEN in chromatin dynamics. PTEN interacts with histone H1 to maintain chromatin condensation and heterochromatin structure [152, 153] . Loss of PTEN hinders H1-mediated loading of HP1a. Consequently, this promotes chromatin decondensation and heterochromatin disruption. Aside from the impedance of chromatin loading of histone H1 and HP1a, PTEN null cells also exhibit an increase in acetylation of histone H4K16, a post-translational modification associated with relaxed chromatin and disrupted nucleosome interaction [34, 165] . Moreover, PTEN physically interacts with the chromosome architecture protein topoisomerase II to facilitate the resolution of chromatin precatenanes and tangled chromosomes [166] .
In the absence of PTEN, DNA decatenation defects give rise to mitotic aberrations manifested by anaphase bridges. In the presence of erroneous decatenation machinery, defective spindle architecture during mitosis induces chromosome missegregation, leading to further impairment of genomic inheritance. We have observed that loss of PTEN causes aberrant mitotic spindle geometry, massive chromosome misalignment and mitotic catastrophe. As a result of chromatin and chromosome architecture deregulation, PTEN mutations and functional deficiency have been associated with defective DNA replication, chromosome missegregation, massive chromosome aberrations and a variety of tumors [156, [167] [168] [169] [170] . Therefore, the role of PTEN in regulating chromatin organization directly contributes to genomic stability and tumor suppression.
Chromatin and chromosome condensation: the verdict
All DNA-templated processes including transcription, replication, and repair are associated with chromatin opening and accessibility. In this scenario, an overall state of chromatin condensation appears to hinder accessibility by blocking chromatin loading of cognate machineries. In fact, an intrinsically condensed chromatin conformation maintained by both constitutive and facultative architectural factors is of fundamental importance in the maintenance of normal transcription profiles and genome stability. For example, the linker histone H1 is a constitutive architectural protein that maintains higher-order chromatin structure. A recent study demonstrated that reduced expression or chromatin association of H1 impairs the recruitment of DNA repair factors to damage-flanking chromatin [137] . PTEN uses its C-terminal region to bind H1, to maintain heterochromatin structure and to suppress the transcription machinery [152] , whereas the deletion of this region causes oncogene activation, centromere instability, and tumor development [170] .
Although chromatin and chromosome condensation are a fundamental facet of cellular function at various cell cycle stages, condensation must not only be maintained to an appropriate degree but also carefully coordinated both spatially and temporally to accommodate specific genome activities. Aberrant chromatin remodeling often results in chromosome abnormality, leading to genomic instability. For example, loss of PTEN induces chromatin decondensation and hyperacetylation of H4K16 [152] , which prevents chromatin loading of essential replication factors, leading to intra-S checkpoint defects and premature progression into mitosis [167] . Interestingly, a recent report suggested that enforced recruitment of a histone-modification factor causes unscheduled DNA repair in mitosis, which can result in sister telomere fusion and aneuploidy [171] . Comparably, incomplete genome duplication due to replication stress often results in unscheduled DNA replication in mitosis, which impairs the mitotic chromosome condensation process, giving rise to chromosome gaps and breaks [172] . A nuclease-mediated pathway was found to promote DNA synthesis at these chromosome fragile sites and as a result, chromosome missegregation and non-disjunction was reduced. However, this might represent merely a transient consequence within the same cell cycle whereas the long-term outcome may be unfavorable in terms of genomic stability. Indeed, the unscheduled mitotic DNA synthesis was found more frequently in aneuploidy cancer cells that exhibit intrinsically high levels of chromosomal instability [172] . These data suggest that the inappropriate timing of DNA replication impairs mitotic chromosome compaction, resulting in aneuploidy. Therefore, a temporal and spatial orchestration of chromatin condensation is fundamentally necessary to prevent genomic instability.
Impaired chromatin condensation and cancer
The discovery of the epigenome sheds light on the etiology for cancer independent of genetic mutations, which integrates and processes the environmental signals, influencing the transcription and transmission of the genome [173] . Numerous recent studies explicated the mechanism of specific epigenetic modifications and remodelers upon the development and progression of cancer, leading this field into an unprecedented depth of understanding. Moreover, emerging research has revealed epigenomic profiles of various diseases including cancer; thus, the functional and mechanistic relationship between chromatin compaction and the fidelity of genome and epigenome inheritance is critical to the illumination of cancer evolution mechanisms. Here we highlight the perspective of deregulated chromatin architecture in neoplasms, using the frequently mutated PTEN gene as an example.
As a powerful and broad-spectrum tumor suppressor, PTEN physically interacts with histone H1 through its C-terminal domain and guards the condensed state of chromatin. Loss of PTEN induces H4K16 acetylation level, which results in the relaxation of chromatin and alteration of gene expression profiles including oncogene upregulation [152] . Specific deletion of the PTEN C-terminal domain results in multiple forms of genomic instability and leads to development of various cancers and premalignant lesions [170] . Similarly, in acute myelogenous leukemia cells, the enlarged and finely distributed nuclear chromatin indicates a decondensed chromatin state, which arises from enhanced leukemia-related gene expression [174] .
Cancer evolves by overriding fundamental genomic transmission machineries such as DNA replication, repair, and segregation. Recently, we and others have found that PTEN, which sustains chromosome condensation and heterochromatin structure [152, 153] , mediates fork progression and recovery during replication via recruitment of replication factor 1, Rad51 recombinase, and MCM2 helicase [167] [168] [169] . These studies highlight the essential role of PTEN in maintaining chromatin condensation and ensuring efficient recruitment of vital replication factors for genome duplication. Moreover, PTEN has also been reported to act on chromatin to regulate the repair of DNA double-strand breakage [156, 175] . Furthermore, our most recent study uncovered the essential roles of PTEN in controlling of DNA decatenation [166] . Interestingly, loss of PTEN induces chromatin decondensation and hyperacetylation of H4K16 [152] , which prevents chromatin loading of essential replication factors, leading to intra-S checkpoint defects and premature progression into mitosis [167] . These findings collectively illustrate how PTEN guards fundamental and successive cell cycle events including DNA replication, decatenation, and repair in the context of chromatin condensation to ensure genome and epigenome stability.
During malignant transformation, cells acquire epigenetic alterations including abnormal DNA methylation, aberrant histone modification, and impaired heterochromatin structure [176] . Abnormal DNA methylation was the first epigenetic change described in human cancers, which is associated with mutations in DNA methyltransferases as well as a global loss of H4 modifications [177, 178] . Knockout of the H3K9 methyltransferases Suv39h1/2 causes heterochromatin instability, aneuploidy, and B cell lymphoma [179] -this highlights the importance of heterochromatin in protection against genomic instability. Advances in genome-wide sequencing technology have uncovered diverse mutations of genes encoding chromatin remodeling enzymes as well as histones themselves [180] . For example, mutations of histone H3, H3K27M and H3G34R/V, have been identified as driver mutations in pediatric glioma [181, 182] . A better understanding of the etiology of cancer opens a world of potential treatments, and of the mechanism in which external environmental factors cooperate with internal genome/epigenome instability in tumorigenesis is a new area worthy further exploration.
Conclusions and perspectives
The organization of the eukaryotic genome in both interphase and mitosis, particularly in steady states, has been extensively explored and progressively clarified. However, the relationship between chromatin reorganization and the concurrently ongoing DNA replication and chromosome segregation remains murky. Understanding the 4D interaction between the genome and the epigenome, in both high resolution and real time, demands further investigation of chromatin topology and dynamics, as well as the functional coordination with genetic inheritance.
This review largely discussed the impact of chromatin structure and epigenetic state on the genome and genetic transmission. However, this demonstrates solely one side of the coin-in fact, the genome-epigenome interplay is bidirectional and may very well be cyclic. Thus, cancer may evolve as a consequence of aberrant reprogramming and reshaping processes that are mutual and can be triggered by either a gene mutation or a spatiotemporal error of chromatin dynamics. This relationship is attested by a PTEN mutation-induced cascade of chromatin decondensation, chromosome instability, and tumorigenesis. As 3C and imaging techniques for real-time study of chromosome conformation and dynamics become more feasible, a live picture will better demonstrate the intricate interplay between chromatin architecture and DNA behavior. Further application of these advanced technologies to the samples of cancer patients and preclinical tumor models will provide invaluable information to elucidate how impairment of the genome-epigenome crosstalk leads to cancer evolution. As it becomes more evident that genome instability and epigenome deregulation are both central hallmarks of cancer, better therapeutic strategies can be devised to target genetic or epigenetic alterations that trigger the signaling cascade leading to tumorigenesis. Genome maintenance in the context of 4D chromatin condensation 3147
